[1] Relationships of the geomagnetic Sq field to the electric field, conductivity, and currents in the ionosphere were studied from the correlation of the Sq amplitude in the Y-component with that of the ionospheric electric field and Hall currents. The electric field was obtained from the observation by the MU radar from 1989 to 2001, and the currents were estimated from the obtained field and the conductivity calculated by using the electron density profile obtained from the IRI 90 model. Estimated daily amplitude of the ionospheric Hall currents fairly well explains that of the Sq field. It was shown that variation of the Sq amplitude is mainly caused by the local ionospheric conductivity even if the variation is treated by each season separately. Another interesting feature is that the Sq amplitude tends to be small in winter for the same estimated Hall ionospheric currents. This is caused either by the seasonal variation of Hall conductivity to the Pedersen conductivity causing the variation of the contribution of the Hall currents to the total currents or by the asymmetry of the neutral wind through the magnetic effect of the ionospheric currents driven by the wind or of the field-aligned currents flowing between the both hemispheres driven by the asymmetric dynamo action in the ionosphere.
Introduction
[2] Geomagnetic solar quiet daily variation field (Sq) is primarily caused by the ionospheric currents driven by the dynamo action of the neutral winds. The currents flow almost in 100-200 km altitude region, close to the Earth compared with their horizontal scale of about 10,000 km. This means that horizontal components of Sq are practically controlled by the currents just above of the observational point so far as the contribution of the ionospheric currents, and therefore if local ionospheric currents are estimated by the Ohm's law from ionospheric conductivity, electric field, and winds, the Sq field in the horizontal components should be well reproduced.
[3] Ionospheric currents have been estimated from the radar drift observations and compared with geomagnetic field variation. For example, Harper [1977] compared ground magnetic variation with the ionospheric currents estimated by the ionospheric observations at Arecibo. and Mazaudier and Blanc [1982] used the incoherent scatter drift data at Saint Santin and compared the estimated ionospheric currents with the geomagnetic variations. Saryo et al. [1989] examined the drift data at Shigaraki and estimated the ionospheric currents by the electric field and compared the geomagnetic field variations. However, these are basically case studies, and thus statistical relationship between the drift observation and geomagnetic Sq field or ionospheric Sq currents is not clear yet.
[4] On the other hand, it is well known that there are many types of variation of the Sq field, i.e., seasonal, year-to-year, and day-to-day variations, but they should also be explained by those of the estimated local ionospheric currents. Takeda [2002] examined effects of the solar activity on Sq from the correlation of the Sq amplitude with ionospheric conductivity and found that the solar activity dependence in each month is mainly caused by the variation of the conductivity.
[5] In the present study we statistically study the correlation of the Sq amplitude with the electric field, conductivity, and the estimated currents in the ionosphere in order to examine how much the estimated ionospheric currents can explain the Sq field including its variation. Next, we examine which of the ionospheric parameters mainly contributes the variation of the Sq amplitude.
Method of Analysis
[6] We have used the ionospheric electric field obtained from the drift observation by the MU radar at Shigaraki JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 108, NO. A5, 1183 , doi:10.1029 /2002JA009659, 2003 Copyright 2003 by the American Geophysical Union. 0148-0227/03/2002JA009659$09.00 (34.85°N, 136.10°E) in the period from 1989 to 2001 which is longer than one solar cycle and enough to examine solar activity effect. The observations were principally performed for 2 or 3 days in each month. The method by which the electric field is derived from the drift measurement was described by Saryo et al. [1989] . The amplitude of the electric field was estimated as the difference between maximum and minimum values of the electric field from 0600 to 1800 LT for the days when continuous drift data were available. Among such 75 days we used data of 45 days when Kp index did not exceed 3 in daytime in order to pick up the amplitude of the electric field on the geomagnetically quiet days.
[7] The Sq amplitude used here is the difference between maximum and minimum values of the hourly values of the Y-component from 0600 to 1800 LT at Kakioka (36.23°N, 140.18°E in geographic coordinate) which is about 500 km east of Shigaraki. Y-component was selected because Kakioka is close to the center of the Sq current vortex, and thus the amplitude of the component is representative to the Sq. This definition is same as that used by Takeda [2002] and suitable for the present purpose of studying the effect of local ionospheric currents on the local Sq field.
[8] The ionospheric conductivity is computed as given by Takeda [2002] . That is, it was calculated by the formula given by Takeda and Araki [1985] using the electron density profile obtained from the IRI 90 model at 1500 LT on each day. The conductivities were integrated at every 5 km height interval from 80 to 400 km, and the resultant values were used present analysis. In the present study Hall conductivity and currents driven by the eastward electric field are used for comparing with the Sq variation. This is partly because Hall conductivity is typically two times as large as Pedersen conductivity in the dayside ionosphere [e.g., Takeda, 1991] , and thus Hall currents are larger than Pedersen currents.
[9] However, there is also a theoretical reason. Fukushima [1979] showed that Sq currents consist of two components; the one is the Pedersen current driven by the induced field plus ''first'' polarization field (S1) generated without Hall conductivity, and the other is Hall currents by the ''secondary'' polarization field (S2) by the existence of the Hall conductivity. On the other hand, Hall currents driven by the neutral wind plus S1 field are canceled by Pedersen currents by S2. Therefore the Hall part of the Sq currents is essentially driven by the S2 field only, and total currents are proportional to Hall currents driven by the S2 field. This mechanism is confirmed by the simulational study [Takeda, 1991] .
[10] From the above theoretical consideration, using Hall currents only can be better in order to estimate the ionospheric Sq currents without the wind data. As for the intensity of the currents, Hall current driven by the S2 field is typically four times as large as Pedersen current by the S1' field (= the induced field plus the S1 field) because S2 field itself is twice as large as the S1' field in order to cancel Hall current by the S1' field by Pedersen current by the S2 Figure 1 . Correlation of Sq amplitude and ionospheric electric field (left), conductivity (middle), and estimated currents (right) in all months (top) and equinox (bottom). One asterisk mark represents the values on a day, and the coefficients are also shown below each panel.
field, and thus the estimated Hall currents is expected to be about 80% of the total Sq currents.
[11] Around the center of the Sq current vortex direction of the S1 field is almost eastward, and that of the S2 field is westward in the morning and eastward in the afternoon. Therefore amplitude of the eastward electric field is expected to reflect the strength of the S2 field. On the other hand, Sq variation in the geomagnetic Y-component is mainly caused by the southward currents in the ionosphere, and thus we have used the amplitude of the eastward electric field and daily amplitude of the southward Hall current estimated from that of the eastward electric field and Hall conductivity at 1500 LT. Using the obtained daily amplitudes of the electric field and currents and conductivity at 1500 LT, linear regression and correlation coefficients of the Sq amplitude to the electric field, conductivity, or currents were calculated for each season or for all months.
Results and Discussion
[12] Figure 1 shows the correlation of the Sq amplitude at KAK and electric field (left panels), Hall conductivity (middle panels), and estimated Hall currents (right panels) in the ionosphere in all months (top panels) and in the equinox (March, April, September, and October, bottom panels). Linear regression lines and correlation and regression coefficients are also shown. Figure 2 is same as Figure  1 but in winter (January, February, November, and December, top panels) and summer (May, June, July, and August, bottom panels). Estimated daily amplitude of the ionospheric currents is consistent with that of the Sq variation including its variation if we remember the relation of the ionospheric currents to the Sq amplitude, rough estimation of the magnetic effect by a sheet current of 1 A/km is 1nT including the effect of the induced currents in the Earth. Examining the panels in more detail, we can find that the amplitude of Sq in the unit of nT tends to be larger than that of Sq in the unit of A/km, but this is reasonable because effects of the Pedersen current are neglected here and that of the Hall currents is expected to be typically about 80% of the total Sq current from the above consideration.
[13] It can be found that Sq amplitude has a clear correlation to the current, clearly no correlation to the field and the most clear correlation to the conductivity. This shows that variation of the Sq amplitude can be mainly explained by that of the conductivity and that the electric field has little effect. In fact, Takeda [2002] examined effects of the solar activity on the Sq field and showed that solar activity dependence of Sq can be almost explained by that of the conductivity, and the present result is consistent with the results.
[14] Although the above-mentioned feature is in common for all seasons, it can be seen that the Sq amplitude is larger in summer than in winter for the same ionospheric currents. There can be two reasons for this. The one is that the ratio of Hall to Pedersen conductivity varies with season. In the present analysis only Hall currents are considered, and reduction of the ratio causes systematic deviation of the relation in the relation of the Sq amplitude to the estimated currents. In fact, it is expected that larger solar zenith angle in winter lifts ionization region and reduces the ratio because peak height of the Hall conductivity is lower than that of the Pedersen conductivity. Therefore it is possible that reduced contribution of the Hall current to the total current causes this apparent reduction of the Sq amplitude for the same value of the Hall currents.
[15] The other is that the effect of the ionospheric currents directly driven by the neutral winds. That is, seasonal difference of the winds can cause variation of the ionospheric currents and thus that of Sq amplitude for the same conductivity value because neutral winds blowing from subsolar points are expected to be stronger in summer than in winter and Pedersen currents directly drive by the neutral winds can enhance the geomagnetic Y-component variation in summer.
[16] However, currents flowing outside of the ionosphere contribute the seasonal variation of the Sq field. In fact, field-aligned currents flowing from the summer to the winter hemisphere in the morning and reversely in the afternoon shown theoretically by Fukushima [1979] and simulationally by Takeda [1982 Takeda [ , 1991 increase the amplitude of the Y-component in summer and decrease in winter. This is probable because the north-south directions of the currents are same as and reversed to the ionospheric currents which generate the Y-component of Sq in the summer and winter hemispheres, respectively. However, such field-aligned currents are generated by the asymmetry of the neutral wind system in most cases [Fukushima, 1979] , although it is possible that the currents are caused by the seasonal difference in the latitudinal distribution of the conductivity [Takeda, 1982] . Therefore in both mechanisms the asymmetry of the neutral wind between the hemispheres would be the cause of the seasonal dependence of the Sq amplitude.
Conclusion
[17] The correlation of the Sq amplitude of the geomagnetic Y-component with the electric field, conductivity and estimated currents in the ionosphere for data in over 13 years. The main features found in the present study are as follows:
[18] 1. Estimated daily amplitudes of the ionospheric Hall currents explain the Sq variation fairly well including its variation.
[19] 2. Variation of the Sq amplitude is more due to that of the local ionospheric conductivity and contribution of the electric field is small.
[20] 3. The Sq amplitude tends to be small in winter for the same estimated ionospheric currents. There can be two possible reasons. The one is the variation of Hall to Pedersen conductivity by season. The other is the asymmetry of the winds through ionospheric currents driven by the wind or through the field-aligned currents flowing between the both hemispheres generated by the asymmetry in the ionospheric dynamo.
